Two experiments were conducted with ruminally fistulated wether lambs to determine the effect of lactic acid addition to a hay diet on rumen lactate metabolism, blood acid-base status and subsequent adaptation to a high concentrate diet. In Exp. 1, lambs were fed mature brome hay (H), H plus 5% (w/w) D,L lactic acid (H5L) or H plus 10% lactic acid (H10L) (three lambs per treatment) for 14 days (phase I) then switched to a 90% concentrate diet for 2 days (phase II). In Exp. 2, lambs were fed alfalfa-brome hay (H) (six lambs), H plus 2.5% lactic acid (H2.5L) (six lambs) or H plus 5% lactic acid (H5L) (four lambs) during phase I, then switched to a 70% concentrate diet (3 days) followed by a 90% concentrate diet (10 days) (phase II). During both experiments rumen fluid samples were taken periodically for pH and lactate analyses and in vitro L-or D-lactate disappearance (IVLD) studies. Blood samples were taken to measure acid-base status, serum lactate, and serum calcium, magnesium and phosphorus.
Two experiments were conducted with ruminally fistulated wether lambs to determine the effect of lactic acid addition to a hay diet on rumen lactate metabolism, blood acid-base status and subsequent adaptation to a high concentrate diet. In Exp. 1, lambs were fed mature brome hay (H), H plus 5% (w/w) D,L lactic acid (H5L) or H plus 10% lactic acid (H10L) (three lambs per treatment) for 14 days (phase I) then switched to a 90% concentrate diet for 2 days (phase II). In Exp. 2, lambs were fed alfalfa-brome hay (H) (six lambs), H plus 2.5% lactic acid (H2.5L) (six lambs) or H plus 5% lactic acid (H5L) (four lambs) during phase I, then switched to a 70% concentrate diet (3 days) followed by a 90% concentrate diet (10 days) (phase II). During both experiments rumen fluid samples were taken periodically for pH and lactate analyses and in vitro L-or D-lactate disappearance (IVLD) studies. Blood samples were taken to measure acid-base status, serum lactate, and serum calcium, magnesium and phosphorus.
Dietary lactic acid enhanced IVLD during phase I of both experiments. L and D isomer IVLD rates were similar and followed zeroorder kinetics. In Exp. 2, IVLD increased rapidly during phase II in response to increased concentrate level in the diet;the enhanced rates of H2.5L and H5L lambs were sustained for the first 3 days of phase II.
Blood data from both experiments indicated a deleterious effect of dietary lactic acid on blood acid-base balance; however, this treatment effect was not manifested in any symptoms of acute acidosis. There was a decrease (P<.05) in serum calcium during phase II of both experiments. In Experiment 1, serum calcium increased linearly (P<.05) in response to dietary lactic acid level.
In Exp. 1, rumen fluid total lactate and L-lactate were lower (P<.05) for H5L vs H lambs during phase II. However, all lambs in Exp. 1 experienced acute acidosis; four of the nine lambs subsequently died.
There was evidence of acidosis in Exp. 2, but there were no clear treatment effects during phase II on rumen fluid pH or lactate, or feed intake. All lambs adapted to the high concentrate diets as evidenced by rumen lactate levels and feed intakes. In both experiments, the proportion of L-lactate in rumen fluid decreased from almost 100 to about 50% of total lactate by the end of phase II. (Key Words: Lambs, Lactic Acid, Lactate Metabolism, Acid-Base Status, Concentrates, Acidosis.)
Introduction
Digestive disturbances associated with adaptation of feedlot ruminants to high concentrate diets are mainly a function of changes and adjustments in the rumen microbial population. If an abrupt increase in concentrate intake occurs, there are concommitant, rapid changes in the microbial profile characterized by loss of protozoa and an explosive increase in lactobacilli (Krogh, 1959; Hungate, 1966) . Systemic acidosis may follow absorption of large amounts of both L-and D-lactate from the rumen (Dunlop, 1972; Telle and Preston, 1971) .
One aspect of adaptation is an increase in rumen lactylytic activity in response to microbial lactate production. Therefore, stimulation of this activity may alleviate the condition of rumen lactate accumulation. One objective of 1569 JOURNAL OF ANIMAL SCIENCE, Vol. 49, No. 6, 1979 these studies was to stimulate rumen lactylytic activity by adding lactic acid to a hay (H) diet and thereby facilitate subsequent adaptation of lambs to a high (90%) concentrate diet. Previous studies (Kunkle et al., 1976; Huntington and Britton, 1978) have shown increased in vitro lactate disappearance (IVLD) in response to lactic acid addition to a H diet. Another objective was to find the optimum level of lactic acid to add to the H. Criteria include in vitro rumen fluid lactate disappearance, rumen fluid and blood serum pH and lactate concentrations, blood serura mineral concentrations and blood acid-base status.
Materials and Methods
Experiment 1. Rumen fistulated wether lambs, weighing about 33 kg each were adapted to a mature brome H (IRN 1--00--004) over a period of 3 weeks. They were then allotted to three treatments, H, H plus 5% (w/w) lactic acid (H5L) or H plus 10% lactic acid (H10L) (three lambs per treatment). They were housed in indoor pens and tethered to individual feed bins. Water was available ad libitum.
The experiment consisted of a H feeding phase (phase I) and a concentrate feeding phase (phase II). During phase I, intake was restricted to 560 g dry matter (DM) daily or ad libiturn intake if the lamb consumed less than 560 g, in an effort to equalize DM intake across treatments. Materials and procedures used in diet preparation and feeding protocol were similar to those reported by Huntington and Britton (1978) .
Phase I lasted 14 days. During phase II, all lambs received ad libitum a 90% concentrate diet (Huntington and Britton, 1978) . Feed intake was recorded for each lamb 1, 2, 4, 8, 16 and 24 hr after receiving the 90% diet.
Rumen fluid was collected from each lamb 24 hr postfeeding at the onset of the experiment (day 0) and on days 7 and 14 during phase I. After collection, pH was recorded, HgC12 (5% w/v) was added to stop microbial fermentation in one portion of the sample and it was frozen and stored. A second portion of each lamb's rumen fluid was divided among six (two isomers • three time periods) 25 x 100 mm plastic in vitro tubs (10 ml per tube) and maintained under CO2 in a 39 C water bath. Lactate (.5 ml), neutralized to pH 7.0 with NaOH, was added to each tube to create an initial lactate concentration of about 200/~g/ml of incubation fluid. L or D isomer was added to separate tubes. These tubes were incubated for 10, 20 or 30 minutes. Fermentation was stopped and samples stored as previously described.
During phase II, rumen fluid was collected from each lamb 1, 2, 4, 8, 16, 24, 32 and 48 hr after receiving the 90% diet. The pH value was recorded on fresh fluid, fermentation was stopped and samples stored as previously described.
Blood samples were obtained by jugular vein puncture from each lamb 6 and 30 hr after receiving the 90% diet. Hematocrit (Ht) and blood gasses were analyzed by a commercial laboratory. Aliquots collected in separate containers were cooled for 24 hr then centrifuged at 500 • g for 20 minutes. Serum was decanted, frozen and stored. Total lactate was determined on all rumen fluid and blood serum samples by the Barker and Summerson (1941) procedure. L-lactate was determined on the same samples by an enzymatic procedure (Sigma technical bulletin No. 726 UV). Serum samples were deproteinated with trichloroacetic acid. Serum calcium and magnesium were determined by atomic absorption spectroscopy in 5% lanthanum solution to prevent phosphorus interference. Serum phosphorus was determined by colorimetry (Goldenburg and Fernandez, 1966) .
Experiment 2. Rumen fistulated wether lambs, averaging 30 kg each were allotted to treatments of H (three lambs), H plus 2.5% (w/w) lactic acid (H2.SL) (three lambs) or H5L (two lambs). After a H feeding phase (phase I) of 14 days and a concentrate feeding phase (phase II) of 13 days, all lambs again received the H diet and were reallotted to treatment in the manner previously described. There were about 4 weeks of H feeding before each replication. H used for adaptation and phase I was an alfalfa-brome mixture containing 89% DM and 17.3% of DM as crude protein. Lactic acid used and feeding protocol were the same as those used in Exp. 1 and similar to those previously described by Huntington and Britton (1978) .
Intake during phase I was not allowed to exceed about 1300 g DM daily per lamb in an effort to equalize intake across treatments and at the same time attain complete consumption of the daily diet. Other procedures including rumen fluid sampling and in vitro studies for phase I are the same as those used in Experiment 1.
Two diets were fed ad libitum during phase II (table 1) . The 70% concentrate diet was fed to all lambs for the first 3 days, then the 90% concentrate diet for the rest of phase II. Diets were formulated to contain the same percentage concentrate, crude protein, calcium and phosphorus as diets used in a similar study (Huntington and Britton, 1978) except in this experiment H was used instead of corn cobs as a roughage source to avoid sorting of diets observed in the other study. With the exception to be described, feed intake was measured daily for each lamb. Starting on day 14 of each replication (the first day of phase II), rumen fluid samples were taken immediately before and 1, 2, 4, 8, 16, 24, 32, 48 and 56 hr after, the switch to the 70% diet. The same procedure was followed on day 17, the first day of feeding the 90% diet. On days 20, 23 and 26, rumen fluid samples were taken before and 1, 2, 4, 8, 16 and 24 hr after feeding. Feed intake was measured for each lamb at the same times (up to 24 hr) on all sample collection days in phase II. Rumen fluid samples taken before feeding on sampling days were used for IVLD studies with same procedures as described for Exp. 1.
Blood samples were taken by jugular vein puncture from each lamb at the beginning of each replication (day 0) and the end of phase I (day 14 am), 6 hr after switching to the 70% diet (day 14 pro) and at the end of feeding the 70% diet (day 17).
Analysis of variance was conducted on feed intake, rumen fluid and blood data from each experiment. IVLD data were statistically analyzed by regression techniques to calculate rates of IVLD and to compare rates among treatments.
Results and Discussion
Experiment I. All lambs were experiencing acute acidosis 24 hr after receiving the 90% diet. By that time all lambs had profuse diarrhea and an average rumen pH of 4.48. None of the 90% diet was consumed after 24 hours. As death appeared imminent for a given lamb, rumen contents were emptied via the cannula, the rumen was flushed with warm water and reinoculated with ingesta from a steer receiving a 60% corn cob, 40% corn plus supplement diet. However, over a period of several days, four of the nine lambs died (one from H, one from HSL and two from H10L). Postmortem examination of the last lamb to diet (12 days after receiving the 90% diet and 8 days after flushing and reinoculation) showed severe damage to the rumen epithelium, with large areas of sloughed papillae. The abomasum and proximal 20 cm of the duodenum were inflamed. However, all iambs survived without alteration at least 48 hr after receiving the 90% diet, so data are presented through that time.
Consumption of diets during phase I was not as uniform as anticipated. Average daily DM intake + SD was 523 + 69, 556 -+ 16 and 435 -+ 101 g for H, H5L and H10L, respectively, indicating that H5L lambs consumed more DM more consistently than did lambs in the other treatments. Average daily lactic acid consumption was 30 g for HSL and 46 g for H10L lambs. An abrupt decrease in consumption or periodic refusal to eat was observed in two of the H10L lambs, but the third consumed the treated H as well as lambs in other treatments consumed their diets. Koers et al. (1976) observed depressed feed intake of lambs fed a 92% concentrate diet when they were intraruminally refused with one dose of 30 g of lactic acid. Intake of a 60% roughage diet by lambs was depressed when 7% of the diet was lactic acid (Johnson et al., 1962) . Kunkle et al. (1976) reported refusal of .
03
.03
+ + one lamb to consume a H diet containing 15% lactic acid. Rumen fluid lactate levels were low (~25 pg/ml) for all lambs during phase I, with the exception of two H10L lambs that had 89 and 63 pg lactate per ml on day 7. The relatively high lactate levels were concurrent with erratic eating patterns of these two lambs.
Addition of lactic acid at either level enhanced IVLD (table 2) . Similar responses to dietary lactic acid have been reported (Huntington and Britton, 1978; Kunlde et al., 1976) with maximum attained in 14 days. As previously reported (Ogimoto and Giesecke, 1973; Huntington and Britton, 1978) , IVLD rates were similar for L and D isomers. As previously found in similar studies (Huntington and Britton, 1978) , disappearance followed zeroorder kinetics. Other workers (Satter and Esdale, 1968; Nakamura and Takahashi, 1971 ) also found that zero-order kinetics applied to IVLD, although experimental conditions were different from those used in this study.
Rates of IVLD on day 0 for all treatments and for H during phase I were about 4.8 times faster than those reported by Huntington and Britton (1978) ; in the latter study, rumen contents were strained before IVLD was determined. Kunkle et al. (1976) found IVLD was 2.9 to 4.5 times faster in whole vs strained rumen contents from H fed sheep, they suggest that lactylytic bacteria may adhere to particles in rumen contents and in this manner be excluded from strained preparations.
Rumen fluid pH during phase I was 6.92, 6.73 and 6.58 for H, H5L and H10L lambs, respectively. This linear relationship was present on day 0 as well as days 7 and 14. It appears doubtful that decreased rumen pH was caused by the added lactic acid.
The same relationship among treatments held during phase II. Rumen pH was 5.69, 5.52 and 5.38 for H, HSL and H10L lambs, respectively. Rumen fluid pH of all lambs decreased rapidly with time during phase II, from an average of 6.56 at the onset of concentrate feeding to 4.35 at 48 hours. Feed intake during phase II was similar among treatments. By 24 hr, the lambs' average intake was about 6.6% of their body weight.
Lactic acid treatment (phase I) resulted in lower (P<.05) rumen fluid total lactate and L-lactate in H5L vs H lambs during phase II (table 3) . Average rumen fluid lactate for all treatments was similar at 48 hr; large increases became evident in H10L lambs at 16 hr and in HSL lambs at 24 hr (table 4). These data suggest that, although not avoided, acidotic conditions in the rumen were delayed by adding lactic acid to H in phase I. The proportion of L-lactate decreased for all lambs during phase II to about 50% of lactate present by 48 hours.
Blood Ht increased (P<.05) and HCO3-decreased (P<.01) in response to treatment 6 hr after the lambs received the 90% diet (table 5) ; both these data and the nonsignificant decrease in blood pH indicate that H5L and H10L lambs were in a more acidotic state than were H lambs at 6 hours. Blood lactate was variable, but H5L and H10L lambs had higher (nonsignificant) levels than H lambs. Almost all lactate present was L-lactate for all lambs. Further discussion of these blood data will be included in results of Exp. 2.
Blood pH, HCO3-and serum lactate levels Serum calcium decreased (P<.01) for all lambs from an average of 11.48 mg per 100 ml at 6 hr to 9.66 at 30 hours. Serum calcium levels increased linearly (P<.01) with lactic acid feeding at 30 hr (table 6) . A similar, but nonsignificant, trend was observed at 6 hr (table 5). Other workers (Morrow et al., 1973) have reported similar effects of acidosis on serum calcium levels. Serum calcium levels of 7.7 mg/100 ml were reported by Huntington et al. (1977) in lambs receiving a 92% concentrate diet for 97 days. Serum magnesium and phosphorus levels (tables 5 and 6) were not affected by treatment or time during phase II.
Other blood chemistry changes for all lambs from 6 to 30 hr confirm the gross symptoms of acidosis that were observed. The pH value fell from an average of 7.37 to 7.20; HCO3-from 27.6 to 7.5 meq/ml; and percentage L-lactate from 96 to 38. Total lactate increased fro~~ 21.1 to 97.1 rag/100 ml serum. All above changes were significant (P<.01).
Experiment 2. Results of IVLD studies were similar to those of experiment 1 and other studies previously cited: disappearance followed zero-order kinetics, L and D isomers disappeared at similar rates, addition of lactic acid to the diets during phase I enhanced IVLD, and IVLD increased rapidly after the switch to the 70 and 90% diets (table 7) . Values observed during phase I of experiments 1 and 2 are similar for H and H5L treatments. IVLD did not increase significantly in response to dietary lactic acid in Exp. 2, but there is a slight numerical advantage for H5L vs H2.5L.
During phase II, IVLD was similar for all treatments and reached maximum levels by day 24, 9 days after switching to the 70% diet and 6 days after switching from the 70 to the 90% diet. Maximum rates are about 1.15 times those observed in similar studies (Huntington and Britton, 1978) and comparable to IVLD rates reported by Jayasuriya and Hungate (1959) and Kunkle et al. (1976) .
Concurrent with the switch to the 70% diet was a decrease (P<.05) in serum magnesium. <10  90  117  199  339  3177  11103  9833  9054  1305  H5L  <10  <10  <10  66  16  133  4833  8105  8763  1305  HIOL  15  16  12  15  58  5203  7103  10583  9513  1305 aTime effect is significant (P<.01).
bH -hay; H5L -hay plus 5% lactic acid; H10L -hay plus 10% lactic acid. CLinear treatment effect (P<.01).
The change in diet had no clear effect on serum phosphorus levels (table 8) . These changes are similar to blood changes seen in Exp. 1. Neither treatment effect nor treatment by sampling time interaction was significant for any of the blood criteria, nor was sampling time effect significant for serum total or L-lactate. Experimental average serum total and L-lactate were 22 and 18.4 mg/100 ml, respectively.
Although treatment differences were not statistically significant, a numerical decrease in blood HCO3-in response to increased dietary lactic acid was evident, similar to differences seen after the diet change in Exp. 1. Average blood HCO3-values immediately before the switch to the 70% diet was 30.5, 27.7 and 28.2 meq/liter for H, H2.5L and H5L, respectively. Corresponding values 6 hr after the diet switch were 30.7, 28.9 and 30.3. Unfortunately, blood samples were not taken before the diet switch in Exp. 1, but these data suggest that H5L and H10L lambs in Exp. 1 may have had lower blood HCO3-levels than H lambs before the switch to the 90% diet. By day 18 in Exp. 2 average btood HCO3-was 25.7, 27.3 and 26.3 meq/liter for H, H2.SL and H5L, respectively.
Data from both experiments indicate that dietary lactic acid was beneficial with regard to IVLD but had a deleterious effect on systemic acid-base balance. It is possible that the acidbase effect is associated with the increased serum calcium levels observed in Exp. 1 in All lambs became acidotic during the first 2 days of phase II as evidenced by the watery consistency of the feces (diarrhea for some lambs) and depressed intake on days 15 and 16. Average rumen fluid pH fell from 6.86 at the start of phase II to a minimum of 5.13, 32 hr after the switch to the 70% diet and rose to 5.89 by day 18. Average rumen fluid lactate was maximum (869 /.tg/ml) at 32 hours. Some lambs had maximum rumen fluid lactate levels similar to those observed in experiment 1, about 15,000/2g/ml, 32 hr after the diet switch.
During the remainder of phase II (90% diet), rumen fluid pH and lactate values were similar for all treatments. Average rumen pH, total lactate and L-lactate were 5.66, 47/lg/ml and 21 #g/ml, respectively, indicating that about 50% of rumen fluid lactate was D-lactate. This proportion of D-lactate is similar to that seen in Exp. 1 and by Rumsey (1978) in steers adapted to an all-concentrate diet, but much lower than that observed in sheep (Huntington and Britton, 1978) where almost all rumen fluid lactate was D after conversion to a 90% diet. There was little variation in rumen fluid pH or lactate among hours on sampling days 18, 21, 24 or 27. Average daily DM intake during phase I was 1,101, 1,112 and 1,188 g for H, H2.SL and H5L, respectively. Intakes of H2.5L and H5L lambs provided about the same lactic acid intakes daily as those of H5L and H10L lambs in Exp. 1. Rumen pH was similar for all lambs during phase I, averaging 6.91; average rumen fluid lactate was < 10 #g/ml. These data suggest that the amount of lactic acid consumed per se did not limit intake in these experiments; other differences between the experiments that may have affected intake are the type and crude protein content of the H used and daily crude protein and energy intake.
Feed intake was similar for all treatments during phase II. Maximum intake was an average of 2,333 g DM on day 14 and minimum was 346 g DM on day 15. Intake then increased and ranged between 1,055 to 1,321 g DM daily from day 20 to 26. Huntington and Britton (1978) found no difference in DM intake of sheep fed H with 0 or 5% lactic acid, then switched to 50, 70 and 90% concentrate diets in that sequence. Daily intake patterns, measured on days 14, 17, 20, 23 and 26 were similar for all treatments. However, there was a shift from a quadratic pattern on day 15 for all lambs, when by hr 6 one-half of feed to be consumed had been consumed, to a linear pattern during the rest of phase II, with intake spread evenly throughout the day.
